INTRODUCTION
The sources of primary production that support the ecosystem in the nearshore western Beaufort Sea are not well known. Three components are apparently available: ice algae, phytoplankton, and benthic microalgae. Of these, the phytoplankton is perhaps the best known. This community, composed of diatoms, dinoflagellates, and microflagellates, occurs in the water column from about the time of ice breakup through the summer.
The ice algal community lives in and on the underside of sea ice and is present primarily during the spring, usually April through early June, but cells are also present in the ice throughout the winter and there are reports of a layer of healthy, active cells in the ice in November (Hsiao, 1980; Schell, pers. comm.) . This community is composed primarily of pennate diatoms and microflagellates, but centric diatoms and dinoflagellates may also be present, usually in low numbers. The benthic microalgae, primarily pennate diatoms, live on and among sand grains on the sea floor. This community is probably present in summer, although solitary, motile pennate diatoms may be present in spring, sometimes forming brownish patches in the lee of sediment ripples. In the Chukchi Sea, a dense mat of filamentous diatoms may form in some areas in summer (Matheke and Horner, 1974) . The benthic microalgal community has not been studied in the nearshore Beaufort Sea in summer.
Our objectives were to assess the winter density distribution and environmental requirements of phytoplankton in the nearshore Beaufort Sea and to undertake an integrated study of ice algae, phytoplankton, and benthic microalgaeproduction to providecomparisons among these habitats and allow us to determine the relative importance of these communities during the spring growing season. Sampling was done f6r 3-4 day periods in November 1978 and February, March, and May 1979 in Stefansson Sound (70"19'N, 147"34.4'W) , and intensively from early April through mid-June 1980 in the Beaufort Sea just north of Narwhal Island (70"24'N, 147'31.1'W) (Fig. 1) . (1978) (1979) and off Narwhal Island (spring 1980).
FIG. 1. Location of study sites in Stefansson Sound

METHODS
During this study, we have determined primary productivity, plant pigments, standing stock (cell numbers), and species composition of the ice algae, phytoplankton, and benthic microalgae; we have also measured environmental parameters including light, temperature, salinity, nutrient concentrations, and snow cover, but not all parameters were determined during each sampling period. We include an extensive description of our methods particularly for the ice algae because of the difficulties encountered in studying this community and because the wide variety of methods used in the past has made comparisons between areas difficult.
Stefansson Sound
Water samples from near the bottom of the ice (0 m) and from near the sea floor (4.5 m) were collected by lowering plastic water sampling bottles through holes cut in the ice. Subsamples for phytoplankton standing stock determinations were poured into 250-ml glass jars and immediately preserved with 10 ml4% formaldehyde buffered with sodium acetate. The remainder of the sample was kept cool until it could be filtered on shore. One to two liters of water were filtered through 47 mm, 0.45 pm Millipore filters for plant pigment determinations. Three drops of a saturated solution of MgC03 were added near the end of the filtration process and the filter tower was rinsed with filtered seawater. The filters were folded and frozen in a desiccator.
In May 1979, primary productivity was determined on ice and water samples. Subsamples of water in 60-ml glass reagent bottles, two light and one dark bottle for each depth, were inoculated with ca. 5 pCi Na2HI4C03 R. HORNER and G . C. SCHRADER solution. The samples were incubated in situ for 3-4 hr in clear plastic tubes suspended from the bottom of the ice. Dark bottles were incubated in a darkened plastic tube suspended at 0 m. Following incubation and retrieval, the samples were placed in a black box in an ice chest until they were filtered on shore. Primary productivity of the ice algae was measured using a combination incubation chamber-sampler (Clasby et al., 1973) . Two light and one dark chamber were placed in the ice by SCUBA divers and the chambers were inoculated with ca. 5 pCi Na2HI4CO3 solution. The dark chamber was removed from the ice immediately after inoculation, capped, and suspended from an ice piton attached to the underside of the ice. After a 3-4 hr incubation period, a heavy metal spatula was used to chip away the ice from around the chamber and sever the top of the core. The sample was retained in the chamber by a core cap. The ice cores were transferred to 250-ml glass jars and preserved with 5 ml 4% buffered formaldehyde to prevent further uptake of isotope by the algae.
Additional ice cores were collected for standing stock, plant pigment, nutrient, and salinity determinations. All cores were transferred to 250-ml glass jars and the standing stock sample was immediately preserved with 5 ml 4% buffered formaldehyde. The other cores were placed in an ice chest for return to shore.
At the shore laboratory, the water and ice productivity samples were filtered through 25 mm, 0.45 pm Millipore filters, rinsed with 5 ml 0.01 N HCl and 5 ml filtered seawater, and placed in labeled scintillation vials. Water and ice samples to be used for plant pigment determinations were filtered as above. Before the MgC03 and filtered seawater were added, filtration was stopped and the filtrate was poured into two 125 ml polyethylene bottles for nutrient and salinity determinations. The nutrient sample was frozen immediately.
Narwhal Island
Water samples were collected as previously described, except that depths were just below the ice (0 m) and 1 m above the bottom (7 m). Primary productivity experiments were done as in May 1979. The remainder of the water samples, usually 2 1, was kept in a darkened ice chest and returned to the shore laboratory where it was thoroughly shaken. We preserved250 ml with 10 ml4% buffedformaldehyde for standing stock analysis. One liter of water from each sampling depth was filtered through a 47 mm, 0.45 pm Millipore filter for plant pigment, nutrient, andsalinity analysis as described above.
The ice algae were collected using a re-designed samplerincubation chamber (Schrader et al., 1982) . Following incubation, the samples were immediately transferred to 250-ml opaque glass jars and two drops of 0.4% HgC12 were added to kill the cells and prevent further uptake of the isotope. Four additional ice cores were collected for determination of standing stock, plant pigments, nutrient concentrations, and salinity. All cores were transferred to 250-ml glass jars and kept in the dark in an ice chest until processing on shore, usually within 2-3 hr. The additional cores were taken after the 14C incubation period to minimize the time between collecting and processing.
Primary productivity and plant pigment cores were filtered as before except that animals > 1 mm were removed from the filter. The ice core to be used for standing stock determination was preserved with 10 ml 4% formaldehyde buffered with sodium acetate. Phytoplankton and ice algae primary productivity samples were counted using a Packard Tri-Carb Liquid Scintillatibn Spectrometer (Packard Instrument Company, Inc., 487 Downers Grove, IL) with Aquasol (New England Nuclear, Boston, MA) as the scintillation cocktail. Carbon uptake was calculated using the equation in Strickland and Parsons (1972) . Chlorophyll a and pheopigments were determined using the fluorometric technique (Strickland and Parsons, 1972) . Nutrient samples were analyzed using autoanalyzer techniques; salinity was determined with a salinity bridge (Pavlou, 1972) .
Standing stock samples were analyzed using a Zeiss phase-contrast inverted microscope and Zeiss counting chambers following the method of Utermohl (1931) . In addition, portions of some ice algae samples were acid- * PIantpigmentandprimaryproductivitydatafortheiceandsedimentsaregivenonam-2basis. t Integrated standing stock for the water column is given at 0 m.
-Dark bottle uptake higher than light bottle uptake. cleaned and permanently mounted in euparol to aid in identification. Primary productivity and standing stock of the benthic microalgal community were studied using field and laboratory techniques described by Matheke and Horner (1974) , except that carbon uptake was determined using the wet combustion technique described by Atlas and Hubbard (1974) .
Light intensity was measured with an underwater quantum sensor and aquantumradiometer-photometer (Models LI-192s and LI-185A, LI-COR, Inc., Lincoln, NE) that measure light intensity in the photosynthetically active 400-700 nm wave band. Submarine light was measured immediately after placement of the I4C incubation chambers and just prior to their retrieval. With the sensor directed upward, light was measured directly beneath the ice, before and after removal of the ice algal layer. Light reaching the benthos was measured near the bottom, directly above the 14C incubation chambers. Ambient light outside the dive shelter was determined with the sensor held vertically ca. 2 m above the snow surface.
We also ran a series of transects through a semi-permanent snow drift and through the area where most of the ice samples were collected to assess the effect of snow depth on light penetration and algal growth. A line marked at 0.5 m intervals was anchored to a reference post placed through the ice and visible from both the surface and underside of the ice. The surface light intensity was recorded and snow depth measured at 0.5-1.0 m intervals for a distance of 25 m. Immediately after the surface transect, R. HORNER and G . C. SCHRADER the line was secured to the reference post under the ice and the light intensity was measured at the same points before and after removal of the ice algal layer.
RESULTS
Stefansson Sound
Phytoplankton levels in Stefansson Sound were low during the winter period (Table 1) . Unidentified flagellates, mostly <6 p, m in diameter, were the most common organisms present in November, February and March. A few diatoms, including spores of Chaetoceros spp. and cells of Navicula spp. and Nitzschia spp., were also present. The diatoms contained chloroplasts, but did not appear to be healthy. Chlorophyll a concentrations were barely detectable. More diatoms were present in March, but chlorophyll a levels were still low.
By May, more diatom cells were present in the water column, including species of Chaetoceros, Cylindrotheca, Navicula, and Nitzschia. These were mostly pennate species and were probably released from the ice as it began to disintegrate. Unidentified small flagellates were abundant. Unidentified species ofProtoperidinim and other unidentified dinoflagellates were present in low numbers. Chlorophyll a concentrations increased to near 1 mg-m".
An ice core contained >23 x lo6 cells-l", with the diatoms Nitzschia frigida and N . cylindrus comprising about 50% of the population. Unidentified small flagellates were also abundant, as were unidentified cryptomonads; the euglenoids Eutreptiella sp. and Urceolus sp.; and unidentified dinoflagellates, including Protoperidinium spp. Chytridiaceous fungi were found to be parasitizing some of the pennate diatoms. Chlorophyll a in the ice was near 2.7 mg-me2.
Primary productivity in the water column was low, averaging ca. 0.15 mg C.m'3.hr". In the ice, primary productivity was near 1.5 mg C.m-2.hr".
Narwhal Island
Ice algal productivity was <0.2 mg C-m-'.hr" during April (Fig. 2, Table 2 ), but increased to 0.8 mg C.m-'-hr" during the first week in May when submarine light levels increased. After a week of stormy weather with fog and blowing snow, light dropped to one-half the previous level and productivity to ca. 0.1 mg C.m'2-hr", increasing to 2.6 mg C.rn-'.hr" by the end of May in response to increased light. Snow was completely gone from the surface of the ice, and overflow from the Sagavanirktok River was first noticed by the divers. Two days later, the soft bottom layer of ice containing the ice algae had begun to dissociate from the ice forming a slush layer loosely associated with the undersurface of the ice. Small pieces of the slush layer clouded the water column. Another peak in productivity occurred in early June, and by mid-June the underside of the ice was eroding and the ice algal layer was no longer visible.
PRIMARY PRODUCTION IN THE NEARSHORE BEAUFORT SEA
Water column productivity was <0.2 mg C.m-3.hr" during April and the first half of May, but increased during late May and early June. Two productivity peaks were evident, 22 May and 7 June, coinciding with periods of high ice algal productivity. The highest water column productivity occurred on 7 June and probably resulted from the disintegrating ice algal layer. Productivity in the water column was primarily at 0 m, with productivity at 7 m near the limit of detection throughout the sampling period. Surface and 7 m water column productivity were integrated for comparison with ice algal and benthic microalgal communities (Fig. 2) .
Benthic productivity remained near the limit of detection, ca. 0.01 mg C.m-2-hr", throughout the study. Light reaching the benthos was ca. 0.2% of surface values and this probably limited growth. Although light levels at the ice-water interface increased as the snow melted, shading from the growing ice algal layer prevented an increase in light at depth.
Total productivity for the three communities during the course of the sampling period was calculated by multiplying the hourly rate by the day length in hours and integrating the daily rates over the study period. The ice algal community contributed 688 mg C.m-*, or ca. two-thirds of the measured primary production; the phytoplankton 380 mg C-rnm2, or one-third; and the benthic community, a negligible 12 mg C.me2.
Chlorophyll a in the ice algae followed a pattern similar to that shown for primary productivity. Levels were relatively low during April, ca. 1 mg.m'2, increasing to >26 mg.m-2 during the latter part of May and dropping to near zero by the end of the bloom period in mid-June (Fig. 3) .
Pigment concentrations in the water column remained low throughout most of the study period, rising slightly near the end of the ice algal bloom. Chlorophyll a concentrations at 7 m were fairly constant, ranging from <O. 1-0.4 mg.m-3. The same low levels occurred at 0 m during April and early May, but increased in late May and early June with a peak of 1.4 mg-m" on 1 1 June, reflecting the large quantity of ice algae dropping from the undersurface of the ice.
Chlorophyll a concentrations in the sediments were comparable to those found on the undersurface of the ice, with both communities increasing in late May-early June. During April, however, benthic chlorophyll a levels were ca. five times greater than those found in the ice algal community. We think it likely that the high chlorophyll is from benthic microalgae remaining in the sediments from the previous benthic production season, because pheopigments were high and primary productivity levels in the sediments were negligible, suggesting that cells in the sediments were not growing.
Small, unidentified flagellates, mostly <6 km in diameter, accounted for ca. 50% of the cells in the ice algal community (Fig. 4) . The remainder of the population was comprised primarily of pennate diatoms with low numbers of centric diatoms, dinoflagellates, and other flagellates.
Microflagellates were by far the most numerous organisms in the water column, exceeding the concentration of diatoms by an order of magnitude (Fig. 9 , but the microflagellates were much smaller in size than the diatoms. The microflagellates were apparently not photosynthetic because cell numbers remained nearly constant and did not reflect changes in primary productivity or chlorophyll a.
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P P P P P P P P to mid-May (Fig. 6) . Samples collected after 20 May were less variable, 6.6 X 108-1.2 X lo9 cells.mq2, suggesting a more uniform distribution during the height of the bloom. The concentration of cells in the water column was generally at least an order of magnitude lower than that found in either the ice or benthos, averaging ca. 1 x lo4 ce1ls.t' at the surface and 1 X 10' cells.m-2 for the entire water column. Cell numbers fluctuated during the April to mid-May period and stabilized during the ice algal bloom (Fig. 6) .
Seven benthic samples were analyzed, corresponding to the highest and lowest levels of chlorophyll a . Cell numbers correlated well with the chlorophyll a values and were as high as those found in the ice, ranging from ca. 3 x 108-3 x lo9 cells.m-2, but average cell size in the benthos was considerably smaller than that of diatoms found in the ice.
R. HORNER and G . C. SCHRADER
Fifty-five taxa, including 39 species or genera of pennate diatoms, four centric diatoms, three dinoflagellates, and six flagellates, were identified from ice cores ( Table 3) . The ice algal community was dominated by pennate diatoms with Nitzschia cylindrus accounting for 47% of all diatoms. Other numerically important pennate diatoms included Amphora ocellata, Cylindrotheca closterium, Navicula directa, N . transitans, and Nitzschia frigida. Centric diatoms were represented by few species and in low numbers. Thalassiosira gravida was most common, occurring in onethird of the samples. Chaetoceros septentrionalis was found once and other small Chaetoceros spp., <lo pm, were present in three instances.
Dinoflagellates, predominantly unidentified athecate forms, were found in low numbers. Protoperidiniumgrenlandicum, Amphidinium sp., and Gymnodinium sp. were also present. Unidentified flagellates, <6 pm in diameter, were often the dominant organisms in the ice. Other flagellates were Platymonas sp., Cryptomonus spp., Dinematomonas litorale, Eutreptiella sp., Urceolus sp., and an unidentified euglenoid.
Changes in community structure and composition occurred during the bloom. From April to mid-May, species diversity was relatively low and was inversely related to cell numbers, with changes in diversity largely due to changes in the relative percentage by cell number of Nitzschia cylindrus. Diversity increased in late May when standing stocks were high, and Nitzschia cylindrus became less dominant with cells often appearing unhealthy. Both N . cylindrus and another dominant species, Navicula spicula, were parasitized by chytrids. Several species that had not been identified previously or had occurred rarely became common, including Achnanthes taeniata, Amphora ocellata, Cylindrotheca closterium, Navicula directa, Nitzschia sp. A, Pinnularia quadratarea var. kerguelensis, Synedra sp., and Thalassiothrix sp.
Fifty-seven taxa, including 35 species, were identified in the water column samples (Table 4) . These species were predominantly the same as those that occurred in the ice, with pennate diatoms being the dominant group. Unidentified flagellates, <6 pm in diameter, were also abundant. Only five species were identified from the water column that were not found in the ice, including the centric diatoms Chaetoceros gracilis, Cyclotella sp., Leptocylindrus sp. and Melosira juergensii, and the dinoflagellate Prorocentrum sp.
Most of the cells found in the water column appeared to have originated in the ice. About 50% of cells in the samples were empty frustules, which were not included in the cell counts. Many cells appeared to be unhealthy, and were often heavily parasitized. Nitzschia cylindrus was present in low numbers during April and became dominant during May and early June. In the water column, cells of this species did not appear to be healthy and had probably fallen from the ice.
Seventeen taxa, including 10 species, were identified from the benthos ( Table 5 ). An additional 12 taxa with eight species were identified from empty frustules. Probably more species were present, but were not identified. The benthic microalgal community consisted almost exclusively of pennate diatoms. A single resting spore of Chaetoceros sp. was the only centric diatom and Dinematomonas litorale was the only flagellate identified.
Although we were unable to identify the majority of the species present, they were clearly not the same species found in the ice or water column. Cylindrotheca closterium, Navicula cancellata, N . directa, N. spicula, N . transitans var. derasa, Nitzschia angularis, and N . cylindrus occurred in both the ice and sediments, but comprised a small fraction of the cells present in the sediments. Nitzschia cylindrus, the dominant species of the ice and water column, was represented by a single pair of cells near the end of the ice algal bloom. They appeared to be unhealthy and had probably fallen from the ice, All of the taxa represented by empty frustules were members of the ice algal community and probably originated there.
The concentrations of inorganic plant nutrients are given in Table 2 . Data from ice cores should be considered as minimum values because they were obtained from melted cores that were diluted by an unknown amount from the melting ice.
Nitrate in the water column was near 10 pg-at? throughout the study period. This is comparable to levels found during the winter near Barrow (Matheke, 1973) and near Prudhoe Bay (Homer et ai., 1974) , but is considerably higher than in samples collected in Stefansson Sound in May 1979 where values ranged from 1.5 kg-at.1" at the surface to 4.5 pg-at.1" at 4 m.
Nitrate concentrations in the ice were approximately equal to surface water levels from April to mid-May. The concentration increased to 15-20 pg-atvt' for two weeks during the peak of the ice algal bloom, and then declined to previous levels. The source of this nitrate is not known, but may have resulted from brine drainage or microbial activity (Schell, 1974) .
Nitrite concentrations were low and remained nearly constant throughout the study period. Ammonia was highest in the ice, ca. 1.2 pg-atst', and lowest in water from 7 m, 0.03 Kg-at.1". The ammonia concentration increased in the ice during the peak of the bloom with high values, 4.33 pg-at@, near the end of the bloom.
Phosphate concentrations in the ice and water column were generally ca. 1.5 pg-at-t', which is similar to winter levels reported from Barrow (Matheke, 1973) and Prudhoe Bay (Horner et al., 1974) . Several anomalous peaks in phosphate concentration were seen, but we have no explanation for them. Silicate concentrations were nearly constant, averaging 22 p,g-at.t', in the-ice and surface water and slightly higher, 24 p,g-at.T', at 7 m. Salinity was near 34.5%0 at the surface and 35.5%0 at 7 m ( Table 2) . Salinity dropped ca. 1%0 during the last half of 495 May, possibly because of overflow from the Sagavanirktok River. The water column became stratified with a 10%0 difference between the surface and 7 m in June when the ice started to melt. Salinity in the ice was variable, probably because of melting ice in the core samples.
Light penetrating the ice and reaching the top of the algal layer fluctuated between 0.5 and 1.5% of surface light, or about 5 and 18 pE.m-2.sec", during the period of snow cover. Light levels increased sharply, fluctuating between 1.4 and 4% of surface values (6 and 19 pE.m'* Ssec") after the snow cover melted on 29 May. Light beneath the ice did not generally increase in response to decreasing snow cover because of the shading effect of the growing ice algal layer. Light reaching the benthos was low, remaining near 0.2% of the surface value, or ca. 2 p,E.m-2.sec".
DISCUSSION
The annual cycle of ice algae, phytoplankton, and benthic microalgae is shown in Figure 7 . Microalgae are present in the ice as soon as it forms in the fall. Microflagellates are usually the most abundant organisms, but a few pennate diatoms may also be present (Homer, 1976) . The origin of the cells is not known. Few species of ice algae are members of the fall phytoplankton community, which is dominated by centric diatoms (Homer, 1969) , rather than the flagellates and pennate diatoms found in the ice. It is possible that ice algae species are present in the water column in low numbers and are not collected by conventional sampling techniques, but once trapped in the ice, natural selection favours species adapted to the ice habitat. Newly formed sea ice may be seeded from ice algae still associated with drifting pack ice that persists throughout the summer, but it is not known if cells remain viable in the drifting pack ice as late as freeze-up. Another possible source of seed stock may be sediments that become resuspended during the fall storms in nearshore areas. Although some species are common to both habitats, many species found in the ice, including the most abundant ice species, are not found in the sediments (Matheke and Horner, 1974) although they may be rare or not detected.
Growth of the diatoms in the ice in fall probably continues until mid-November when light becomes limiting, although few reports are available to confirm this. In the Eskimo Lakes region of arctic Canada, in late November, Hsiao (1980) found a layer of ice algae concentrated near the bottom of sea ice 50 cm thick that contained ca. 4.9 X ldcell~.m-~ (ca. 3.9 x Id cells.m-2). In the western Beaufort Sea, a core collected in early November from our study site off Narwhal Island contained a rich algal layer in the bottom of the ice (Schell, pers. comm.) with distom concentrations of 1.8 x 10' cells.mq2, comparable to levels found during the 1980 spring bloom. The cells were healthy and the species composition was similar to that found in Pennate Diatoms Achnanthes taeniata Grunow P PP P Achnanthes sp.
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Thalassiothrix spp. P P P P P P P P P P Unidentified pennate diatoms P P P P P P P P P A O P P P P P P P P X X P P P P P P A P O P P X X P P A the ice the preceding spring. It is not known whether this is a regular occurrence, how long this bloom might last, or how productive it is. An autumnal bloom has been reported to be a normal event in the Antarctic sea ice (Hoshiai, 1977) . Heterotrophy has been suggested as a mechanism by which algae survive the prolonged darkness of the arctic winter (Rodhe, 1955;  Wilce, 1967; Allen, 1971 ), but experiments using a variety of labeled organic substrates failed to show heterotrophic growth in the dark for Antarctic (Bunt and Lee, 1972) or Arctic ice algae. Antia (1976) has shown that many algal species maintain viability for 5-6 mo in media free of organic substrates at temperatures ranging from 2-20°C. Benthic species, i.e. pennatediatoms, weremore resistant, with some remaining viable for over one year and a few species for three years of darkness. We expect that ice algae, adapted to low temperatures, would easily be able to survive the 4-5 mo period of winter darkness.
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Cells are scattered throughout the ice in winter Hsiao, 1980) , but by mid-March the algae become concentrated at the bottom of the ice. It is not known how the cells become concentrated, but it may be a result of brine drainage and the active migration of algal cells through brine channels that move downward through the ice by diffusion and gravity. Brine drainage becomes more rapid as the ice warms in spring which may accelerate the transport of the algae. The algae may actively migrate as well, because many pennate diatoms are able to move with a slow, gliding movement.
Light is apparently the major factor controlling the distribution, development, and production of the ice algal community with growth of the ice algae beginning in spring in response to increasing light. In the Chukchi Sea near Barrow, productivity remained <0.1 mg C.m-2.hr" until a threshold light level was reached (Alexander etal., 1974) .
Above this level, 2.3 and 9.3 pE.m-*.sec" in successive years, production was rapid. Off Narwhal Island, productivity began to increase when the light level was 7.7 kE.m-2.sec'1.
Light may be severely limited by sediments trapped in the ice in nearshore areas. One or more layers of sediment were present in a series of ice cores collected in Stefansson Sound in early April 1980 and no algal layer was detected. In mid-May, we sampled Stefansson Sound again and found only a trace amount of chlorophyll Q at a time when productivity was high at Narwhal Island. This is in contrast to 1979 when the algal layer in the same area was well-developed, though patchy. Light attenuation by turbid ice is the factor controlling the development of the ice algal community in Stefansson Sound, according to Schell (1980a, b) . In shallow areas, the extent of the ice algal layer, and thus spring productivity of the lagoon, is apparently determined by the distribution of sediments in the ice.
Where ice does not contain sediment, light attenuation because of snow is the prime factor controlling the distribution and productivity of ice algae. The light-attenuating property of snow is very high compared with that of clear sea ice (Thomas, 1%3). We found that ca. 2% of surface light reached the algal layer when no snow was present, but 3-4 cm of snow reduced light to 1%; 6 cm to <OS% and 20 cm to <O. 1% of the surface level . Alexander etal. (1974) found that patchy distribution of the ice algae was correlated with light attenuation due to snow, and found an inverse relation between chlorophyll a and snow depth. Our transects through snow drifts off Narwhal Island showed the same relationship.
Maximum productivity off Narwhal Island occurred at light levels of 10-25 pE.m-2-sec". Alexander et al. (1974) found that maximum productivity near Barrow occurred at slightly higher levels, 16-65 pE.m'2.sec". Productivity over the entire bloom period was 0.7 g C.m-2 off Narwhal Island compared with 5 g C-m-2 at Barrow. In both areas, productivity increased in response to increasing light levels and maximum production occurred after the snow cover was gone. The differences in productivity may have been caused by different light levels with light being more limiting off Narwhal Island.
Nutrient concentrations at the water surface were high in spring because of vertical mixing and regeneration during winter. Nutrient levels in the ice may be even higher than at the water surface because of brine drainage and local recycling. That recycling of nutrients occurs is suggested by a pulse of nitrate during the ice algal bloom. This pulse probably resulted from nitrification by the microbial population. The ammonia concentration was also high during the bloom, which suggests heavy grazing pressure or bacterial recycling.
Surface water salinity was fairly constant at 34-35%0 until early June when melting ice and river runoff caused surface salinity to drop below 25%0. River runoff was detected about two weeks before the ice began to melt. The algal layer began to soften and dissociate from the harder bottom ice and was easily disturbed by bubbles from the diver's breathing apparatus. Several dominant ice algal species, including Nitzschia cylindrus and Navicula spicula, appeared to be unhealthy, and productivity dropped for about a week. These events coincided with the disappearance of the snow and it is likely that increasing radiation contributed to the disintegration of the ice algal layer because of selective absorption of solar energy by the diatoms (Meguro et al., 1966, 1967) .
The ice algae remained associated with the bottom ice in a loose slush layer for a week after the ice began to melt, but by 11 June no layer was visible and the water was clouded with ice algae. Microscopic examination of cells from the water column showed that they were not healthy, and primary production in the water was barely detectable.
The fate of the ice algae in Stefansson Sound and off Narwhal Island is not known. No data are available after the ice algae leave the ice and there is no information for the period of ice breakup or for the spring phytoplankton bloom. At Barrow, the ice algal bloom and the spring bloom in the water column are clearly separated both by the species present and by time. The ice community consists primarily of pennate diatoms ; Alexander et al., 1974) , while the spring phytoplank-R. HORNER and G . C. SCHRADER ton bloom consists primarily of centric diatoms (Homer, 1969) . Only one species, Nitzschia cylindrus, is common in both the ice and water column communities. The ice algal bloom occurs in April and May, sometimes extending into early June, while the phytoplankton bloom at Barrow does not start until ice breakup is underway and light is available to the cells in the water column. In shallow, coastal waters, the phytoplankton bloom may be delayed somewhat by the low salinity of the water column caused by the melting ice.
Data presented here indicate that cells found in the water column and benthos originated in the ice. This is undoubtedly so, but cells originating in the ice and found in the water and benthos were not healthy and the relatively high productivity peak reported for the water column at the end of the ice algal bloom did not last (Fig. 2) . We think that the high water column productivity peak was caused by cells just released from the ice that were marginally productive. After a short time in the water column these cells became unhealthy and were no longer productive. Reasons for this are not known, but might include senescence of the cells, higher temperatures or lower salinity of the water column, or specific adaptation to the brine cell environment.
In the Bering and Chukchi seas, Saito and Taniguchi (1978) reported "ice plankton" -species that probably grew in sea ice -in deeper water during summer, but whether these cells remain viable and, if brought back into the surface water, are able to seed new ice in the fall is not known. Hameedi (1978) also suggested that the ice algae contributed a substantial amount to the chlorophyll content of the water column in the Chukchi Sea, but neither of these authors actually sampled the sea ice and Hameedi (1978) did not determine species present in either the ice or the water column, basing his assumption only on water column chlorophyll data. Schandelmeier and Alexander (1981) compared species from ice with species found in the water column at the same time and found species common to both environments, but their ice samples were not quantitative. More information is needed before it is possible to determine the importance of ice algae to the spring bloom in the water column in all areas.
The species composition of the ice algal community off Narwhal Island and in Stefansson Sound was similar to that reported from other areas of the Arctic (Meguro et al., 1966 (Meguro et al., , 1967 Horner and Alexander, 1972; Hsiao, 1980) . The community was dominated by pennate diatom species, and although centric diatoms and dinoflagellates occurred, they were represented by few species and were seldom abundant. Several identifiable flagellate species were present in low numbers, while unidentified flagellates were often abundant. A single pennate diatom, Nitzschia cylindrus, accounted for nearly 50% of the population off Narwhal Island. Nitzschia frigida, Navicula directa, N . transitans, Cylindrotheca closterium, and Amphora ocellata were also numerically important species.
About 200 diatom species have been identified from arctic sea ice, but only a few species have been reported as dominant. Of 55 species enumerated in our samples, only six species ever accounted for more than 10% of the cells counted. Horner and Alexander (1972) found that Nitzschia frigida was usually the most abundant species at Barrow, but Meguro et al. (1966, 1967) apparently did not find it farther offshdre. It was often important in the community off Narwhal Island, in Stefansson Sound, and in the Canadian Arctic (Dunbar and Acreman, 1980; Hsiao, 1980) . Navicula marina was also a prominent member of the community at Barrow and was often the most abundant species (Alexander et d . , 1974) , but it was never abundant off Narwhal Island.
Changes in community structure accompanied the development of the bloom off Narwhal Island. During April and early May, the community was strongly dominated by Nitzschia cylindrus, but in mid-May this species became less healthy and empty frustules were common in the ice and water column. As the relative numbers of N . cylindrus declined, other diatom and flagellate species that had been rare or not previously identified became common and the diversity of the community increased. An increase in standing stock (chlorophyll a ) accompanied this shift in community structure.
Environmental factors may have contributed to these species changes. Light inhibition has been suggested as a factor limiting the ice algal bloom (Apollonio, 1965) and it is possible that increasing light intensity resulting from snow melt may have favored more light-adapted species. Salinity declined during the peak of the bloom, and although ice algae are known to tolerate a wide range of salinities (Grant and Horner, 1976) , the specific requirements of Nitzschia cylindrus are not known and the reduced salinity may have been more favorable to the development of other species. Increasing nitrate levels may also have favored species that prefer higher nitrate concentrations.
The development of the spring ice algal bloom off Narwhal Island is similar to that reported by Alexander et al. (1974) for the Chukchi Sea near Barrow, which is the only other study to include the complete cycle of the ice algal bloom. Algal biomass (chlorophyll a) off Narwhal Island exhibited the same bimodal distribution and timing, and reached comparable peak values. An early peak occurred in late April-early May during both studies, with high values of ca. 8 mg chlorophyll A later and maximum peak occurred the end of May-early June with 23 mg.m-2 reported at Barrow and 26 mg.m-2 off Narwhal Island. Primary productivity followed similar patterns in both studies, remaining relatively low until mid-May and climbing to peak levels with a maximum during the last week of May. Total production for the bloom off Narwhal Island was about one-seventh that reported for Barrow and may have been due to lower light levels.
It is difficult to compare rates of primary productivity measured off Narwhal Island with other areas of the Arc- Schell(1980a, b) estimated productivity from chlorophyll a measurements in Simpson Lagoon, Stefansson Sound, and offshore in the Beaufort Sea ( Table 6 ). The highest production was from Barrow and the lowest from Davis Strait. Only the Barrow and Narwhal Island studies were done throughout the whole cycle of the ice algal bloom from April or earlier to June.
It should be stressed that primary productivity measurements of ice algae are probably minimum values. We feel that while our methods (Clasby et al., 1973; Schrader et al.,  1982) were the most appropriate and the best available at the time, there are several sources of error that lead to an underestimate of productivity. Because the ice algal layer is formed of a matrix of ice crystals, it is difficult to ensure adequate mixing of the isotope throughout the sample, and due to the porous nature of the ice, an unknown amount of label may diffuse upward into the ice and be lost during incubation. These and other problems undoubtedly lead to an underestimate of primary productivity by the ice algae. The productivity of this community is therefore probably greater than our measurements indicate.
Phytoplankton was present in low numbers during the winter, with unidentified flagellates, mostly < l o pm in diameter, being the most abundant organisms. By April, diatoms were more abundant in both numbers and species, but microflagellates were still numerically dominant. Most of the diatoms were pennate species that had probably fallen out of the ice. Only a few centric species were present, with Thulassiosira gravida becoming more common late in the spring. This species is often abundant during the spring bloom in nearshore waters, but none of the other typical spring bloom species occurred during our sampling program.
Chlorophyll a was low, <O. 1 m g~m -~, during the winter, increasing to 1.4 mg.m-3 on 1 1 June, the last sampling day. Pheopigments were usually high, suggesting that cells were not healthy, and microscopic examination indicated that this was the case. Primary productivity in the water column was low, usually <0.1 mg C.m"-hr"; maximum I4C uptake, only 0.42 mg C.m".hr", occurred at the surface on 7 June.
We do not know when or if a spring bloom occurs in the water column. If there is a spring bloom, it probably occurs during and just after ice breakup based on data from the Barrow area (Horner, 1969) , but no data are available for the period between the end of the ice algal bloom and breakup in the nearshore Beaufort Sea. The only published summer phytoplankton data for the nearshore Beaufort Sea are Alexander The annual cycle of benthic microalgae has been documented for the nearshore area at Barrow (Matheke and Horner, 1974) . Growth was limited during the winter by low light levels; productivity did not begin until the formation of melt ponds on the ice surface that, along with the disappearance of the ice algae, increased light transmission through the ice. Following breakup of the shorefast ice, benthic microalgae became the most important source of primary production in that nearshore ecosystem. Chlorophyll a concentrations were relatively high during the winter months when primary productivity was negligible, and the community was apparently able to survive long periods of darkness. Many of the same species were found in both the bottom ice and the sediments, but some of the species in the ice, including several of the most abundant, were not found in the sediment either during or after the bloom in the ice. This suggests that ice algae probably do not contribute significantly to benthic productivity.
Our spring data agree with Matheke and Horner (1974) . Benthic microalgae did not contribute significantly to primary productivity off Narwhal Island. Productivity was limited by low light levels caused by snow cover and by shading from the ice algal layer. Light levels remained low even after melt ponds formed and the ice algal layer dissipated because of shading from algae suspended in the water column. Although productivity was low, chlorophyll u concentrations in the sediments were relatively high throughout the spring. Concentrations increased during maximum development of the ice algal bloom, probably from algal material falling from the ice as evidenced by high pheopigment concentrations. The benthic microalgal cdmmunity contained a distinct flora, dominated by species not found in the ice algal community. Few ice algal species occurred in the sediments, and most were dead or in poor condition. The most abundant species in the ice and water column, Nitzschiu cylindrus, was rarely found in the sediments. Some species, such as Navicula directu, N . transitans, and Cylindrotheca closterium, were members of both communities, and have been reported from the sediments and ice at Barrow (Matheke and Horner, 1974) . No data are available for the benthic microalgal community after ice breakup at Narwhal Island, so we do not know if a mat of filamentous diatoms forms or if this community is an important source of primary productivity in summer.
Although we have documented the development of the ice algal bloom and the relative contributions and interrelationships of the ice algae, phytoplankton, and benthic microalgae to primary productivity during much of the winter-spring period, a number of questions remain to be answered. We do not know what happens in the period after the dissolution of the ice algal layer in early June leading up to a possible spring phytoplankton bloom after breakup. What is the fate of the ice algae once they leave the ice? Are they consumed by zooplankton? Are they incorporated into the sediments? Do many of the cells die in the low-salinity water during ice melt with rapid dissolution of the silicafrustules? We assume a spring phytoplankton bloom, if one occurs, is composed of different species R. HORNER and G. C. SCHRADER from those found in the ice algae and water column in winter, as is the case at Barrow. Is this really so? What triggers the bloom in the water column? When does it occur? How important are the benthic microalgae in summer? Are the benthic microalgae utilized as a food source by invertebrates? How important is the fall bloom in the ice? Is it a regular occurrence? What is the role of the microflagellates that are present in the ice and water column? Many of them are apparently not photosynthetic, but they may still be an important food source for grazers. How important are the ice fauna in controlling the ice algal bloom? And finally, because this study was done in resppnse to the development of the oil and gas industry in the area, what will be the effects of oil, drilling muds, and other possible pollutants from this industry on these communities and how will this affect the whole Beaufort Sea ecosystem?
